Lunar and Planetary Institute, 3600 Bay Area Blvd., Houston, Texas 77058-1113 , USA (Received 1994 accepted in revised form 1995 January 21) Abstract-ALH84001
is an igneous meteorite, an orthopyroxenite of martian origin.
It contains petrographic evidence of two shock metamorphic events, separated by thermal and chemical events. The evidence for two shock events suggests that ALH84001 is ancient and perhaps a sample of the martian highlands.
From petrography and mineral chemistry, the history of ALH84001 must include: crystallization from magma, a first shock (impact) metamorphism, thermal metamorphism, low-temperature chemical alteration, and a second shock (impact) metamorphism. Originally, ALH84001 was igneous, an orthopyroxene-chromite cumulate.
In the first shock event, the igneous rock was cut by melt-breccia or cataclastic veinlets, now bands of equigranular fine-grained pyroxene and other minerals (crush zones Very few craters on young igneous surfaces are on or near earlier impact features. It is more likely that ALH84001 was ejected from an old igneous unit (Hesperian or Noachian age), pocked by numerous impact craters over its long exposure at the martian surface.
INTRODUCTION
The ALH84001 meteorite is an igneous rock, an orthopyroxenechromite cumulate, which has been modified by shock, thermal metamorphism, and chemical alteration. It was originally classified as a diogenite.
But recently it has been recognized as different from diogenites and originating on Mars (Mittlefehldt, 1994a) , based principally on oxygen isotopes. ALH84001 is unique among martian meteorites; orthopyroxene-rich fragments are present in the other martian meteorites only as xenoliths in the EETA79001 basalt (Steele and Smith, 1982; McSween and Jarosewich, 1983 ). In addition, ALH84001 contains preterrestrial alteration materials of magnesite-siderite-ankerite carbonates and pyrite, an assemblage not identified in other martian meteorites (Gooding, 1992) . So, ALH84001 is critically important in providing an additional view of igneous and chemical processes on Mars.
During examination of petrography of ALH84001, it became apparent that there was evidence for two distinct shock events, presumably meteorite impacts. None of the other martian samples shows evidence for multiple shock events, as could be expected from their young crystallization ages, -180 Ma and 1.3 Ga (McSween, 1985; Jones, 1986) . So, evidence for multiple shock events suggested that ALH84001 could be significantly older than the other martian meteorites, perhaps older than 3 Ga (Treiman, 1994a,b) .
Thus, ALH84001 may have come from an ancient martian surface (Hesperian or Noachian age), perhaps even from the martian highlands.
It may seem unusual to use petrography as a geochronologic tool. In this case, the petrography of ALH84001, in the context of martian geology and the cratering record of the inner Solar System, does imply a great age.
This constraint, albeit imprecise, is valuable because ALH84001 will be difficult to date radiometrically. Age methods that rely on mineral isochrons are hampered because ALH84001 is almost monomineralic;
K-Ar and Ar-Ar methods are hampered because of the potential for excess 4°Ar from the martian atmosphere (Swindle et al., 1995) and the inhomogeneous distribution of K (bulk abundances of 108 ppm, Mittlefehldt, 1994b; 240 ppm, Dreibus et al., 1994; 127 + 6 ppm, Kallemeyn and Warren, pers. comm.) . Methods that rely on acid leachates and residues (Jagoutz et al., 1994) must assume that all minerals in ALH84001 are cogenetic and contemporaneous.
In this paper (building on Treiman, 1994a), I will present petrographic observations and mineral chemical data supplementing those of Mittlefehldt (1994a) and other workers to outline the geological history of ALH84001:
igneous crystallization, first shock, thermal metamorphism, chemical alteration, and second shock. The inference of two separate shock events, separated in time by thermal metamorphism and low-temperature chemical alteration, is a significantly different from previously offered histories.
The history of ALH84001 will then be used to derive constraints on its crystallization age and its possible martian sources.
PETROGRAPHY ALH84001 is an orthopyroxenite, consisting of-95% orthopyroxene, -2% chromite, -1% maskelynite, -1% carbonate, and trace amounts of augite, apatite, olivine, and pyrite (Mittlefehldt, 1994a; Dreibus et al., 1994; Harvey and McSween, 1994; Wadhwa and Crozaz, 1994) . Augite is distinguishable from orthopyroxene by its greater birefringence but not by average atomic number (Z) in BSE imagery. ALH84001 contains two distinct petrographic domains, clasts and granular bands ( Figs. 1-3; Figs. la,b of Mittlefehldt, 1994a), which are described below. Note straight to slightly curving grain boundaries, abundant fractures, and strain birefringence in pyroxene.
Overall, the textures and structures in ALH84001 are comparable, but less cataclastic, than some lunar "recrystallized cataclastic rocks" (StOffler et al., 1980) or "metamorphic cataclastic rocks" (Ryder, 1982) . Examples are 12073c, 15437 and 67955 (Ryder and Norman, 1979; Ryder, 1982; Taylor et al., 1991) . 
Clasts
The clasts in ALH84001 are coherent fragments bounded by fine-grained granular bands.
Clasts are up a few cm across and consist of orthopyroxene to 6 mm across, chromite to 2 nun across, and other grains to 0.5 mm across (Fig. 1; Berkley and Boynton, 1992; Mittlefehldt, 1994a Fig. 5 ). The Fe-rich bright layer (arrows) forms a "dashed circle," suggesting that the carbonate grains in the globule are physically continuous outside the section plane. As a whole, the carbonate patch shows a concentric stratigraphy identical to those of carbonates in clasts (Fig. 2) Tanaka et al., 1992; Branerdt et al., 1992; Schulz and Tanaka, 1994) , and I infer that this metamorphism reflects shock from a meteorite impact. et al. (1991) . A melt-breccia origin is consistent with limited differential movement within and across granular bands, and with the wavy and swirly stringers of chromite (Fig, 3) ; similar wavy structure in a melt-breccia dike (albeit not in chromite but in opaque shock-melt) is shown in Fig. 17 et al., 1991 ) . It seems reasonable to infer a similar origin for ALH84001.
Thermal

Metamorphism: Textural AnneaLing and Chemical Equilibration
After the first shock, ALH84001 experienced thermal metamorphism of sufficient temperature and time to anneal the granular bands to their current granoblastic-polygonal texture (Fig, 5 can be ascribed to a single episode, after thermal metamorphism, and at low temperature.
The similarity
and near-identity of carbonate-rich globules in granular bands and in clasts suggests that all formed in a single episode.
Carbonates in clasts and in granular bands both occur in ellipsoidal shapes, "globules" or "patches" (Figs. 4, 7) . boundaries between clasts and granular bands, with stratigraphic layers traceable from clast into granular band (Fig. 4) . So, a single episode of alteration is sufficient to explain the carbonates in ALH84001; no available evidence requires two episodes. Invoking
Occam's razor, I will proceed assuming a single episode of aqueous alteration.
The carbonate must have been deposited after the gramflar bands had annealed, because the concentric stratigraphy of the carbonate globules is superimposed on the equilibrated granular texture of the bands (Fig. 7) . Since all the carbonate in ALH84001 formed in a single episode (see above), that episode post-dated annealing, and therefore the thermal metamorphism described above.
Deformation structures that cut the carbonate globules can be ascribed to a second shock metamorphism, see below. Finally, the stratigraphy and compositions of the carbonate globules suggest that they formed at low temperature, not high temperature as suggested by Mittlefehldt (1994a) and Harvey and McSween (1994) . The sub-micron scale chemical zoning visible in the clast carbonates ( Fig. 4; Fig. ld et al., 1994; Romanek et al., 1994a,b) . All but the lowest temperatures in this range seem to be inconsistent with the absence of silicate alteration minerals like chlorite and clays (e.g., Gooding, 1986; Gislason et al., 1993; Noack et al., 1993) .
However, the presence of magnesite rather than the hydrous Mg carbonates nesquehonite [Mg(HCO3)(OH).2H20] and hydro-
